Introduction
One-dimensional (ID) magnetic systems are of large current interest for the peculiar quantum effects they exhibit at low temperature [I] and the possibilities of mapping 1D spin models to 2D interacting fermions PI.
A striking phenomenon is the strongly spin dependent behavior at T = 0, of the 1D Heisenberg antiferromagnet (ID-HAF). As assumed by Haldane [I] , for integer values of the spin S the ID-HAF exhibits a singlet ground state separated from the first triplet excited state by an energy gap EG, while for half-odd integer S the ID-HAF has a gapless spectrum of excitations. The spin correlation function is also completely different for integer and half-odd integer S. In chains where S is integer, the pair spin correlation (SoS,) has an exponential decay with the distance n and thus the correlation length is limited to a finite value as T tends to zero. This differs strongly to the halfodd integer case where (SoS,) has the power law de- has been investigated by different numerical techniques. A very important result for a practical point of view, is the persistence of the gap for not too large anisotropy values. This is exemplified in the figure 1 which shows the energy gap of the ID-HAF with single ion anisotropy described by the following hamiltonian:
Conditions for observation of Haldane gap
In the ideal Heisenberg chain of integer spins, the low temperature magnetic properties are strongly affected by the presence of a gap in the magnetic excitations. At temperatures below EGIIC, the magnetic susceptibility is expected to decrease rapidly and to tend to a value close to zero as T -+ 0, independently of the magnetic field orientation. The specific heat will depart from the T law, predicted from the spinwave theory and established by Takahashi [ll] for the S = 112, ID-HAF.
In quasi ID-HAF with integer spin, there is a competition betwen the gap which tends to maintain a non-ordered phase at low T and the interchain interaction J' which tends to induce 3D long range order (LRO). Kosevich et al. [12] have shown that for J ' / J I below a critical value which scales like exp (-nS 1 , 3D-LRO cannot be achieved at non zero temperature. The observation of the Haldane gap requires spin 1, small ratio of interchain t o intrachain exchange interaction, not too large magnetic anisotropy (see Fig. 1 ) and no exchange alternation. Due to the quantum origin of the gap, its size is a rapidly decreasing function of spin, as 1 5 1 s2 exp (-rS) for large S. So there is little chance for observing the gap in chains with S = 2. Ni ( N~C~H S )~ N02C104, alias NENP, an orthorhombic crystal of ~i ' + chains well isolated from each other by C104 ions [15] (Fig. 2) . We succeeded to grow large single crystals of NENP allowing several experiments by different techniques which well supported the Haldane's conjecture [16, 171 . Other ~i~+ chain compounds structurally related t o NENP are also good candidates for Haldane gap studies (Tab. I). An other S = 1 chain compound AgVP2S6 recently studied by P. Colombet et al. [18] is very attractive because of its large intrachain interaction and its relatively simple structure. This later one derives from the lamellar structure of MPS3 by substitution of the 2~~' ions by the couple of A~' + v3' . The A~+ and v3+ ions form zigzag chains shown in figure 2. Finally it should be mentionned that chains of S = 1./2 ferromagnetic dimers weakly coupled by AF interaction [19] could mimic the S = 1, 1D-HAF at low temperature. The main magnetic characteristics of the preceeding chain compounds are listed in table I.
3.2 SUSCEPTIBILITY DATA. -The drastic decrease of the magnetic susceptibility X (T) as T 4 0, expected for the S = 1, ID-AF with a gap, is well evidenced by the experimental data in single c:rystals of NENP (Fig. 3) . In the gapless ID-HAF, the ratio x (0) /x,, of the susceptibility at T = 0 to its maximum value is slightly smaller than 1: x (0) / Xmax = 0.69 for S = 1/2 and 0.83 for S = m. In IVENP, this ratio is found below 0.1 for all field orientittions. Alon the hard axis b, the tendency to low temperature xli decrease is less marked than along the easy axes of ac plane, as expected for an AF chain. Thus the effect of the gap on XI1 occurs at lower temperatures than for xL. A rough estimate of the gap wa; obtained by fitting the low TXI data to an exponential decrease [16] : E& / 17 K. This can be compared to the temperature TI^ for which xL (T) = X : , / 2 : TI,, = 13 K.
The effect of cu2+ impurity substituted to ~i~+ at low atomic concentration c on xII and X I has been investigated on single crystals of NENP. The susceptibility curves for a: = 3.6 x and 6.2 x show a large impurity contribution to X (T) (Fig. 4) . For X I (easy plane), but not for X /I, the impurity contribution Table I . is well fitted by a Curie law AX = C (z) /T. The experimental Curie constants are about 4.6 times larger than the calculated ones for free Cu2+ impurities. This proves that the ends of k i t e ~i~+ chains, as for ID-AF of classical spins, contribute to the susceptibility. The powder susceptibility of Ni (C~HION~), N3C104, alias NINAZ (Fig. 5 ) and the one of AgVP2Ss (Fig. 6 ) exhibits the extrinsic contribution of defects or impurities at low temperature. Nevertheless, in both compounds, the susceptibility falls in a certain temperature range below the curve calculated by Weng [20] for the gapless S = 1, ID-HAF. This is a clear manifestation of the Haldane gap. After substracting a suitable extrinsic contribution assumed to be proportional to 1 / T, a resulting susceptibility falling down to zero at T = 0 can be obtained. An estimate of the gap is given by T1/2 whose value is 32 K and 160 K for respectively NINAZ and AgVP2S6. This leads to a ratio EG / I J ( of about 0. [21] . In this range, no anomaly indicating an eventual transition to LRO has been detected. the magnetic specific heat C, was recently obtained by J. Ferr6 et al. [22] , from optical linear birefringence measurements. The temperature of the maximum of Cm is fairly consistent with the intrachain exchange determined by other techniques IJI /k N 50K. At low temperature, the data can be fitted by Cm (T) = Co (kT/ IJ1)" with a = 1.4. This value is much larger than a = 1 predicted for gapless ID-HAF but close to the numerical estimate a = 1.6 for the S = 1, ID-HAF [23].
3.4 HIGH FIELD MAGNETIZATION. -In NENP, at temperatures much smaller than the gap, the magnetic moment remains very small up to H = 80 kOe and then exhibits a linear increase at higher fields H > 100 kOe (Fig. 7) . This behavior is consistent with the results of numerical calculations on the S = 1, 1D-HAF in a field [6] . The critical field which breaks the energy gap is estimated to Hc = 90 kOe. The corresponding energy EG = g p~H , is about 13 K, for g = 2.2, which is consistent with the gap value deduced from the susceptibility measurements. The energy spectrum of the magnetic excitations, for h, < 6 meV, can be fitted to the following dispersion relation.
where q is the wave vector expressed in reciprocal lattice units and (JI /k cx 55 K.
Unfortunately the whole excitation spectrum could not be obtained because of the de~re~ase of INS peak intensity with increasing energy and the existence of inelastic modes weakly dispersed in energy around 3.5, 6-7 and 10-11 meV likely due toeno non correlated vibrations of protons in ethylenediamine molecules. The effects of temperature and applied magnetic field on the energy modes at q = 1 1171 are also1 consistent with the picture of Haldane gap split into two components by magnetic anisotropy. Indeed, when increasing temperature the energy EG of the lowest mode increases from 0.27 I JI up to 0.35 I JI at T = 20 IK, reflecting the decrease of anisotropy and thus the tendency of the system to become closer to the pure Heisenberg case. In applied field along the c axis, the energy of this mode is constant up to the critical field Hc= 90 kOe and then increases with field above Hc.
An other important result is the absence of a central peak at low temperature which is proved not only by neutron scattering but also by very recent nuclear magnetic resonance experiments [24] . Indeed, the proton relaxation rate 1/Tl decays by more than two orders of magnitude as temperature is reduced below the gap independently of the field orientation, reflecting the progressive vanishing of low energy spin fluctuations.
Conclusion
The Haldane's prediction of a gap in magnetic excitations of integer spin Heisenberg AF chains has given an impetus to experiments in S = ' I , quasi-1D AF compounds. An increasing number of such systems were recently investigated. They showed the expected low temperature susceptibility decrease and absence of long range order. The results of numerical calculations both for the size of the gap E c~0 . 4 I JI and the effect of magnetic anisotropy have been supported by these experiments. An important break-through was realized by the discovery of NENP, a model system fairly one-dimensional which can be obtained in large high quality single crystals. This allowed detailed studies of magnetic excitations by inelastic neutron scattering which well supported the theoretical predictions. 
